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Abstract
In the perspective of Green ICT, the massive deployment of cellular mobile radio networks claims attentions to their
energy eﬃciency to favor both the eco-sustainability and the economic aspects. In this paper, we investigate on the
impact of radio planning on both the power consumption and the throughput of mobile networks. We perform the
analysis for LTE systems to evaluate the optimal cell radius accounting for both the network sustainability and the
radio coverage constraints. We considered and compare diﬀerent deployment strategies including the adoption of relay
stations and their dimensioning. Both power and non-power controlled cases are analyzed. We show that the planning
of a cellular system can be optimized by selecting the cell radius achieving the minimum power consumption and by
properly deploying relays in the cell area at a certain distance from the BS and with a target coverage. We also propose a
methodology to evaluate the trade-oﬀ between requirements on power consumption and throughput-per-user in networks
with relays.
c© 2014 The Authors. Published by Elsevier B.V. .
Selection and/or peer-review under responsibility of organizing committee of Fourth International Conference on Se-
lected Topics in Mobile Wireless Networking (MoWNet’2014).
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1. Introduction
Recently, all the technologies, services, products aimed at supporting the sustainable energy are referred
to as Green Information and Communications Technologies (ICT). In this framework, radio networks con-
tribute to the overall ICT carbon footprint [1]. Indeed, the massive deployment of mobile radio systems all
around the world poses a serious challenge in terms of energy requirements. Besides the eco-sustainability
aspects, the power saving of cellular networks is particularly important for operators for economical rea-
sons. Speciﬁcally, today about 80% of the energy consumption in mobile telecommunications is due to the
radio access network. These considerations claim an improvement of the energy eﬃciency of cellular radio
networks.
The total energy consumption of a site depends on a lot of factors, such as size, location, backhaul connec-
tion, etc. As for the transmissions, the power consumption of a Base Station (BS) mainly depends on the
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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extension of its coverage area as well as the traﬃc requirements. The larger the cell size and the greater
the number of active users, the higher the consumed energy. In order to minimize the number of network
sites, various features can be adopted aimed at optimizing the trade-oﬀ between the cell dimension and the
capacity, such as using low frequency bands, smart antennas, sectorization, cooperative transmissions. More
in general, one of the most eﬀective way to achieve the goal of energy eﬃciency is to enhance the network
design. By properly adjusting the radio planning parameters it is possible to fulﬁll at the same time the
energy sustainability and the required network performance in terms of coverage and capacity. Moreover,
depending on the considered scenario, heterogeneous network architectures composed of macro-, micro-
and femto-BSs can further improve the energy eﬃciency of the overall cellular system [2]. In some cases,
the use of relay stations allows to achieve power consumption saving due to their small size. In addition,
relays can be deployed more rapidly, ﬂexibly and economically with respect to new BSs thanks to their
physical characteristics and wireless backhaul. For instance, relays can be mounted on lamp posts with
power supply facilities, without the need of new installations.
In this paper we investigate on the impact of radio planning on both the power consumption and the through-
put performance of mobile networks. We propose a methodology for cell dimensioning constrained to en-
ergy saving and oﬀered traﬃc. We considered and compare diﬀerent deployment strategies including the
adoption of relay stations and their dimensioning.
Concerning this topic, previous works in the literature are mainly focused on metrics such as spectral eﬃ-
ciency, radio coverage and outage probability [3], [4]. In [5] and [6], authors report studies mainly based
on simulated or semi-analytical results. Instead, in this paper the dependence of cell radius on consumed
energy is analytically assessed. In particular, the overall power consumption of the single BS is evaluated
as the sum of a static contribution due to BS switch on and signaling and a dynamic contribution due to the
traﬃc in the cell. Each term prevails on the other in accordance to the cell coverage extension. We eval-
uate performance in terms of the average power density per cell area, i.e. ρP (W/m2), as a function of the
coverage radius R. We also account for the achievable average bit rate per user. Results in [7] are extended
accounting for both power and non-power controlled cases but also including the planning of LTE system
in the presence of relays. We show that the planning of a cellular system can be optimized by selecting the
cell radius achieving the minimum power consumption and by properly deploying relays in the cell area at
a certain distance from the BS and with a target coverage. We also provide a trade-oﬀ method for networks
with relays to satisfy both power consumption and throughput-per-user requirements .
The reminder of this paper is organized as follows. In Section 2 the general power consumption analysis is
detailed for the single BS scenario in both power and non-power controlled cases. The calculation of the
optimum radius is also reported. In Section 3 the analysis is extended to the case of network architecture
with relay stations. In Section 4 we show results for both single BS and BS with relays scenarios, and we
also discuss on the eﬀective planning strategies for LTE to improve both bit rates for users and energy saving
for mobile networks. Finally, conclusions are drawn in Section 5.
2. Theoretical Analysis on Energy Consumption
2.1. Consumed power density in the cell
The physical channel in time and frequency is the basic radio resource to be used for transmission in LTE
system, namely Physical Resource Block. According to the Orthogonal Frequency Division Multiplexing
(OFDM) the resource is identiﬁed by a sub-set of M sub-carriers and a time duration which is (commonly)
an integer multiple of the OFDM symbol duration [8] [9]. The considered system envisages a transmission
organized in frames having time duration of TF with a frequency division duplexing (FDD). In the general
case the energy EBS required by one BS to transmit Nch channels to Nch users randomly spared in the area
is composed by three main contributions:
EBS = P0TF + ES IGN + EDATA (1)
P0 · TF is the energy consumed by the BS independently by the traﬃc load; P0 is necessary to keep the
BS switched on and depends on several technological and technical factors (e.g., electronic components,
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cooling, etc.). The other two contributions, EDATA and ES IGN , are the energies spent by BS for data and
signaling transmissions, respectively. In the more general case they can be expressed as:
ES IGN = PCCHΔPBS TS ign, (2)
and
EDATA =
Nch∑
n=1
χnPTX(xn, yn, zn)TSnΔPBS , (3)
where Nch is the number of available transmission channels per frame and {TSn } are the corresponding time
durations. In the following we assume TSn = TS for each n. PTX(xn, yn, zn) is the power the BS transmits to
the user at coordinates (xn, yn, zn) with respect to the BS. In general, more than one resource block can be
assigned to the same user, but this case is not considered in this paper. The ΔPBS is a power conversion factor
indicating the amount of power to be externally supplied in order to generate 1 W of RF power. It is assumed
that ΔPBS is constant i.e. the linear model of BS power consumption is considered [2], [6]. The PCCH is
the power transmitted for the (common) signaling/pilot channels and it is technologically dependent. In our
case we assume signaling transmission has an overall duration TS ign which can be between 1 and 3 OFDM
over 14 symbols per sub-frame. Finally, χn is a binary random variable indicating the activity of the n-th
user in the cell area. The mean energy EBS consumed by one BS is obtained by averaging (3) with respect
to the positions of users in the area and their activity. We assume that PTX(xn, yn, zn) and χn are uncorrelated
and transmission power is uniformly allocated over user channels, so that PTX = E{PTX(xn, yn, zn)} and
α = E{χn} for each n. We prefer to visualize the energy consumption in two parts: one dependent by
number of served user in the cell and one independent. To this aim we deﬁne the mean power density
consumed per cell area for each frame and for each resource block as:
ρP =
EBS
TFAcellNch
= ρstatic + ρdynamic (4)
The ﬁrst one is the overall static contribution to energy consumption per single channel due to power con-
sumed for keeping BS subsystems switched on and for radio signaling, expressed as:
ρstatic =
P0
πR2Nch
+
TS ign
TF
PCCHΔPBS
πR2Nch
, (5)
Instead, the dynamic contribution ρdynamic per channel is:
ρdynamic = α
TS
TF
ΔPBSPTX
πR2
. (6)
The PTX is calculated for both the power and non-power controlled cases in the next subsection, while a
deeper analysis on dispersion from averages is left to further works.
2.2. Dynamic term
Radio mobile standards usually impose limitation in downlink transmission power dynamic in order
to limit the power control messages to be sent in the control channels between mobile terminal and BS.
Thus cell area is partitioned into two concentric circles: the inner circle having radius dA and the annulus,
i.e. the sub-area extending from dA to R. The envisaged scenario is described in Fig. 1. The dA < R is
the distance under which the power control mechanism cannot further adjust the transmitted power below
a speciﬁed level, Pre f . From ﬁgure the Mobile Station 1 (MS 1) and Mobile Station 3 (MS 3) are in the
annulus, receiving the same power (i.e. PR1 ∼ PR3) due to the implementation of power control. On the
contrary mobile terminals at a distance d closer to BS (d < dA), as Mobile Station 2 (MS 2), receives higher
power (i.e. PR2 > PR1) due to the fact that the BS can not further reduce its transmitting power towards
MS 2, PT2, due to limited dynamics in power control range.
To evaluate the inner area in the cell, the link budget equation should be solved:
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Fig. 1. Cell area partitioning in case of ideal power control with limited dynamic range. Only terminals in the annulus are power
controlled.
PTA(d)GTxRx = S , (7)
where S is the dynamic sensitivity referred to the considered channel (i.e., including fast fading margins),
A(d) is the attenuation factor at distance d and GTxRx is a constant accounting for transmitting and receiving
antenna gains and overall losses (e.g., connector losses, body loss and interference margin), given by:
GTxRx =
Gt
At
· Gr
Ar
(8)
being Gt and Gr the transmitting and receiving gains of the antennas, respectively, whereas At and Ar rep-
resent the overall internal losses of transmitter and receiver, respectively. dA is obtained by (7) by imposing
PT = Pre f = βPmax, β < 1, while the cell coverage radius R is obtained imposing PT = Pmax.
Using the typical propagation model, A(d) = MCLdγ , where MCL < 1 is the Minimum Coupling Loss and γ is
the path loss exponent [10], we obtain dA = γ
√
βR. Assuming uniform spatial distribution of users over the
cell area, the average power per user transmitted by the BS in (6) is:
PTX = 1
πR2
∫ dA
0
∫ 2π
0
βPmaxρdρdθ+
+
∫ R
dA
∫ 2π
0
S
A(ρ)GTxRx
ρdρdθ (9)
Solving (9) and the link budget equation (7) at cell border (i.e. PT = Pmax for d = R), the ρdynamic in (6) in
the power controlled case is:
ρdynamic =
NchTS
TF
αΔPBS 2S
MCL ·GTxRx · πR4 ·
·
⎡⎢⎢⎢⎢⎢⎣βR
γd2A
2
+
Rγ+2 − dγ+2A
γ + 2
⎤⎥⎥⎥⎥⎥⎦ (10)
In the non-power control case ρdynamic can be obtained from (10) assuming β = 1 and observing that in this
case dA = R. Thus,
ρdynamic = α
NchTS
TF
ΔPBS SRγ−2
π · MCL ·GTxRx . (11)
Equation (4) with ρstatic in (5) and ρdynamic in (10) or (11) analytically expresses the dependence of power
consumption on R.
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3. Network architecture with Relay Stations
We suppose to deploy one or several relay stations in the cell served by a certain BS. A possible general
scenario is reported in Fig. 2. Relay has the function of gap ﬁller in coverage or to improve system capacity
by increasing the user throughput due to better radio propagation conditions. Looking at the ﬁgure, MS 2
connects to relay instead of the BS since it experiences a higher Signal-to-Noise plus Interference Ratio
(SINR), while MS 1 behaves as a usual user directly communicating with the BS. Data of MS 2 are always
managed by BS but are transmitted to users by relays.
For the transmission management in the cell, the BS periodically transmits signaling information for ter-
Fig. 2. Scenario of BS with Relay.
minals and relays. These messages contain information on the status of the cell, the position of control
channels, the allocation of time slots over the frame for both downlink and uplink and the overall transmis-
sion organization. We suppose to organize the transmission within the cell in a time period TP according to
the structure reported in Fig. 3. The interval used for signaling has a time duration of TS ign. The power to
transmit signaling is such that the entire cell area is covered. Even terminals inside the coverage of the relay
receive and use the BS signaling information. This way relays, terminal served by BS and terminals served
by relays are provided with transmission organization of the cell for the period TP.
In addition to the signalling part, the transmission period is divided into three parts: i. TBS−T where the BS
Fig. 3. Organization of the transmission over the cell.
transmits to its associtaed terminals; ii. TBS−R where the BS transmits data to KR relays in its covered cell
area; iii. TR−T where all relays simultaneously transmit to terminals in their own covered area. Diﬀerent
strategies for transmission from relays towards their terminals can be considered according to interference
measured by each relay. Measurements can be reported to BS for the organization of the next transmission
period.
The subdivision of the three parts of the transmission period is based on the size of the areas served by relays
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or by BS. Thus, the number of slot nBS assigned to the BS-to-terminal transmissions in the TP is:
nBS =
ABS
Acell
· ntot · x (12)
where Acell is the overall cell area covered by BS signalling, ABS is the area where BS serves its terminals
and ntot is the number of slots contained into the period TP. For BS-to-relay transmissions we assign nBS−R
slots that are given by:
nBS−R =
∑KR
i=1 ARi
Acell
· ntot · x (13)
where ARi is the area served by the i-th relay. Finally, the number of slot nR assigned to the relay-to-terminal
transmissions in the TP is:
nR =
nBS−R
KR
(14)
where x in (12), (13) and (14) is:
x =
⎛⎜⎜⎜⎜⎜⎝1 +
∑KR
i=1 ARi
Acell · KR
⎞⎟⎟⎟⎟⎟⎠
−1
(15)
4. Results
4.1. General BS consumption
For our analysis we present results obtained by considering the LTE system. The basic allocation unit is
the block which includes 12 OFDM sub-carriers. The overall number of OFDM sub-carriers is Nc = 300 (i.e.
5 MHz bandwidth) and the duration of one block is TB = TS = 11TsubFrame/14 with TsubFrame = 1 ms and 14
being the overall number of OFDM symbols in each sub-frame. The frame duration is TF = 10 · TsubFrame.
The TS ign for LTE is calculated by considering that the ﬁrst 3 OFDM symbols in each sub-frame are used for
signaling (i.e. worst case in terms of signaling overhead). In this case we obtain: TS ign = 3TsubFrame/14 · 10.
The number of blocks in each sub-frame is NB = Nc/12 = 25 so that the overall number of LTE channels in
one frame is N(LTE)ch = NB · 10 = 250. Using QPSK modulation, each block provides a 26.4 kbit/s (gross)
bit rate channel that can be increased up to 79.2 kbit/s in the case of 64-QAM modulation. To generate
lower rate channels the single block could be periodically re-assigned to one user after an integer number of
frames. This allows to increase the number of low rate users that can be served by the LTE BS.
The transmitter-receiver parameters for LTE are indicated in Table 1. We assume MCL=-45 dB.
In Fig. 4 the ρP in (4) is reported as a function of the cell radius R for diﬀerent propagation conditions γ.
Table 1. Parameters for link budget [2] [5] [8].
LTE parameters BS Relay
Switch on power, P0 [W] 712 106
External power for 1 W RF, ΔPBS 14.5 6.35
Data rate (QPSK), (16QAM), (64QAM) [kbit/s] 26.4, 52.8, 79.2
Tx antenna gain, Gt [dB] 18 8
Tx internal loss, At [dB] 2 2
Sensitivity for QPSK, S QPSK [dBm] -106.2
Sensitivity for 16QAM, S 16QAM [dBm] -99.2
Sensitivity for 64QAM, S 64QAM [dBm] -93.0
Terminal Rx antenna gain, Gr [dB] 0
Relay Rx antenna gain, Gr [dB] - 8
Rx internal loss, Ar [dB] 3 3
Interference margin [dB] 4 3
For small R the static contribution (e.g. ρstatic) prevails since the power for switching on the BS is shared for
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Fig. 4. Power density per frame as a function of the single cell radius R for LTE system.
a small area and for low number of terminals. On the contrary, for large R the most part of consumed power
is due to the dynamic term ρdynamic. The graph evidences the existence of the optimum radii Ropt. Moreover
in the ﬁgure several power control strategies are compared. As expected the power controlled case provides
better performance in respect to the absence of power control. However, it is worthwhile to note that an
increase of the dynamic range of the power control, passing from β = 0.1 to β = 0.01, does not further
reduce the power consumption.
Traﬃc constraints can impose limitations on the selection of R. In particular, according to a traﬃc analysis
based on the number of possible terminals accessing the mobile radio network, it is possible to evaluate a
maximum cell area (and then a RTra f f ic) in order not to exceed the requirements on blocking probability [7].
Then, if RTra f f ic ≥ Ropt, the system can be still designed to satisfy both minimum power consumption and
blocking constraints. Power consumption is conditioned by coverage rather than by traﬃc. However, the
increase of oﬀered traﬃc with time leads the previous inequality to be reversed, i.e. RTra f f ic < Ropt. In this
case the cellular system cannot be designed to achieve minimum power consumption since to respect the
blocking requirements. Thus, the number of BSs has to increase and power consumption becomes domi-
nated by the static contribution in (5). This can be reduced by using power saving electronic technologies
for BSs. An alternative is represented by the migration from macro to micro BSs. As indicated in [2] and
[5], micro BSs guarantee a reduced ΔPBS at the expense of a smaller coverage. The change from macro to
micro BSs can lead to a signiﬁcant increase of the initial investments and installation costs (CAPEX and
IMPEX) and OPEX for network maintenance.
4.2. Network with Relays
We carried out several simulations according to a Monte Carlo-based approach. The main parameters for
results when relays are installed in the cell are indicated in Tab. 1. The transmission power of each relay is
a fraction βR of the BS transmission power, i.e. Ptx,R = βRPmax, and it determines the coverage extension of
the relay or equivalently the number of users that connect to relay instead of the BS. Moreover, we suppose
that a terminal connects to a relay whether it experiences a SINR from relay signal higher than the SINR
from BS for 16QAM or 64 QAM1. It means that a relay serves only terminal with modulations at 16QAM
or 64QAM, while BS serves also terminals at QPSK.
1It is not convenient to serve a user through a relay if it experiences a QPSK bit rate from relay, since the multi-hop transmission
(i.e. BS-to-relay and relay-to-terminal) wastes the time interval to feed the relay with terminal data. Under the assumptions considered
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In our simulations we suppose to have KR=4 relays at the same distance from the BS. We varied their
position as a fraction αR of the cell radius R, i.e. dR = αR · R. In Fig. 5 we show two screenshots of our
simulator reporting the positions of both BSs and relays. The connected terminals are represented by points
in the cell area with diﬀerent colors, each one corresponding to a serving station. On the left we have αR=0.3
and βR=0.06, while on the right we have αR=0.6 and βR=0.1. Note that increasing βR and αR more terminals
at cell edge connect to relays and this is expected to increase the average cell throughput (see below).
In Fig. 6 the average bit rate (Rb) per user is reported as a function of the relay position αR for several values
Fig. 5. Screenshots of terminals connected to relays or to BS: (a) αR=0.3 and βR=0.06, (b) αR=0.6 and βR=0.1.
of the relay coverage, i.e. βR. In the same ﬁgure, even the average bit rate is reported in the case of cell
without relays in the area (dashed line). We considered 4 relays in the cell and a BS with Pmax = 44.5 dBm.
Fig. 6. Average bit rate per user vs αR for several βR values with 4 relays in the cell.
As for the propagation environment, we suppose MCL = 37.5 dB and the following pathloss exponents:
γBS−T = 3.5 for BS-to-terminal link, γR−T = 3.0 for relay-to-terminal link and γBS−R = 2.7 for BS-to-relay
link. These choices are due to the hypotheses of cell in urban environment where relays are deployed to
better reach terminals in their closed area, while the BS-to-relay link are optimized and considered almost
in this work, it is not possible to have the relay as gap ﬁller in the coverage, since the pathloss follows a law dγ and all terminals must
(at least) listen to the pilot from BS for transmission organization info (i.e. the control channel transmitted at PCCH delimitates the cell
edge).
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in line-of-sight. From Fig. 6 we note that the Rb per user decreases with the increase of the relay coverage
area (i.e. βR). The reduction is greater for relays deployed close to the BS. This is due to the fact that, given
the more favorable propagation conditions, relays serve terminals that already experiment high bit rates, but
this entails a waste of capacity within a TP for data transmission from BS to relays. On the contrary, Rb
increases when the relays are far from BS and deployed towards the cell border. In that zone, terminals
suﬀer the attenuation due to distance and experience a QPSK modulation, thus relays easily improve their
throughput.
In Fig. 7 we report the total power consumption of the cell area as a function of the normalized distance αR
for diﬀerent values of βR. Only the power control case is considered. The consumed power reduces with
Fig. 7. Overall power consumption in the power control case vs the normalized distance αR for several βR with 4 relays in the cell.
the increase of the extension of the relays, i.e. βR. In respect to the reference case (only BS without relays,
highlighted in the ﬁgure with dashed line), for a relay position approximately at R/2 the relay cell dimension
should be at least of βR= 0.08 to obtain an energy saving. As expected, the energy saving increases when
relays are deployed at the cell border, where terminals, if served by the BS, would require the highest
transmitting power to fulﬁll the QoS requirements.
5. Conclusions
In this paper, we examined the impact of the power consumption on the design of mobile radio networks.
With reference to the LTE system, we propose a methodology to analytically evaluate the optimum cell
radius maximizing the energy saving. We compared two network deployment strategies: i.) only macro-
BSs and ii.) macro-BSs with relay stations, considering also diﬀerent power control dynamics.
Obtained results show that a coverage radius minimizing the power consumption can be achieved according
to the considered deployment strategy and propagation environment or by properly deploying relays in the
cell area at a certain distance from the BS and with a target coverage area. Moreover, for networks with
relays we assessed the trade-oﬀ between power consumption and throughput-per-user, analyzing network
deployment parameters satisfying both requirements.
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